Simultaneous measurements of the oxides of hydrogen and nitrogen made during the NASA Subsonic Assessment, Ozone and Nitrogen Oxide Experiment (SONEX) afforded an opportunity to study the coupling between these two important families throughout the free troposphere and lowermost stratosphere. Moreover, the suite of measurements made during the campaign was unprecedented in its completeness, thus providing a uniquely detailed picture of the radical photochemistry that drives oxidation and ozone production in this part of the atmosphere. On average, observed hydrogen oxides (HOx = OH + HO2) agree well with both instantaneous and diel steady-state models; however, there is a persistent deviation of the observations that correlates with the abundance of nitrogen oxides (NOx = NO + NO2) in the sampled air mass. Specifically, the observed HO• tends to exceed the model predictions in the presence of high NO• concentrations, by as much as a factor of 5 (>500 pptv NOx), and is sometimes as little as half that expected by steady state at lower NOj levels. While many possibilities for these discrepancies are discussed, it is argued that an instrumental artifact is not probable and that the discrepancy may bespeak a shortcoming of our understanding of HO• chemistry. The consistently elevated HO• in the presence of elevated NOx leads directly to greater ozone production than expected, thereby extending the NOx-limited regime of the upper troposphere. These results could thus have bearing on the predicted impacts of increasing NO• emissions into this region of the atmosphere from, for example, the growth of global air traffic.
Introduction
During the months of October and November 1997, NASA carried out an experimental deployment in its subsonic aircraft assessment (SASS) program focusing on the chemical impact of commercial aircraft emissions over the North Atlantic flight corridor (NAFC). The Subsonic Assessment Ozone and Nitrogen Oxide EXperiment (SONEX) was a unique airborne mission for many masons. Two of the singular features of the experiment were, first, that it occurred in the late Northern Hemisphere autumn at predominantly high latitudes where the atmosphere is not very photochemically active and, second, that the data set it engendered is one of the first to include most of the tropospheric trace gases, specifically HOx and HOx sources, thought to be consequential in atmospheric oxidation and ozone production. The NASA The central importance of OH and HO2 in the chemistry of the atmosphere has been known for several decades [Levy, 1972; Logan et al., 1981] , but it is only recently that in situ, simultaneous measurements of both of these extremely reactive and, consequently, very short-lived species have become available to test our understanding of the oxidative cycles in the atmosphere [Wennberg et al., 1995; Poppe et al., 1997; Folkins et al., 1997; Brune et al., 1998 ]. Comparisons of measurements made in the planetary boundary layer with steady-state models have been somewhat inconclusive in assessing whether or not an accurate understanding of the chemical cycles that give rise to the instantaneous levels of HOx in the troposphere is extant, or for that matter, if steady state is an applicable assumption [Crosley, 1995] . Experiments in the planetary boundary layer have shown that in general, the observations of OH are lower than expected [Perner et al., 1987; Eisele et al., 1996; Comes et al., 1997; Armerding et al., 1997] . This led many researches to invoke the presence of some unbeknown chemical sink, most probably hydrocarbon in form, which was not included in the chemical box models. Comes et al. [ 1997] even notice that the deviations of the model in their experiment in the Canary Islands seem to correspond to the NO:NO2 ratio, but the relationship is not fully developed, and they too suggest a missing biogenic hydrocarbon sink of OH.
Meanwhile, stratospheric observations have shown the budget of HOx to be fairly well understood in that region of the atmosphere [Stimpfie et al., 1989; Wennberg et al., 1995; Pickett and Peterson, 1996] . The former two in situ studies did, however, help confirm the absence of two important heterogeneous processes in photochemical models at the time: the hydrolysis of N205 to HNO3 and the nighttime conversion of NOx species to nitrous acid (HONO) on sulfate aerosols. The latter mechanism provides a longer wavelength photolysis source of HOx in the early morning at high solar zenith angles, and tentative evidence of this was observed in the upper troposphere during SONEX as well [Jaegld et al., this issue]. Further measurements of HO• in the upper troposphere and lower stratosphere (UT/LS) provided evidence of other previously unrecognized players in the HOx budget in these dry environments, namely, the photolysis of acetone and peroxides [Singh et al., 1995 The models and measurements of HO• are thus put to the test in a wide variety of chemical and meteorological environments. Aside from merely absolute agreement between the two, the experimental data set provides an opportunity to try to analyze weak points one or the other may have in certain chemical regimes. We began by seeking trends in the magnitude and direction of the discrepancy between the observations and the model predictions and then attempting to surmize what factors might be driving such trends.
In the following section we present a brief overview of the experimental techniques employed in the measurements and the two types of steady-state models to which the data were compared. Section 3 begins with a brief summary of the overall agreement between the HOx observations and the models and then goes on to demonstrate that there is a persistent trend in the way the observations and models deviate from one another. Further, it is established that the principal determinant of this bias is the atmospheric abundance of NO•. The second part of section 3 presents evidence of this relationship in several atmospheric regimes. We then turn to plausible reasons for this NO•-dependent discrepancy, specifically examining possible instrumental interferences in section 4, as well as positing a misunderstanding of the underlying chemistry.
Experimental Methods

Aircraft Instrumentation
The HO• measurements were made onboard the DC-8 with the Penn State Airborne Tropospheric Hydrogen Oxides Sensor (ATHOS) instrument. SONEX was the second deployment of this instrument, originally developed in 1996 and flown onboard the DC-8 during the SUCCESS mission of that year. ATHOS is an in situ laser induced fluorescence (LIF) OH detection system based on fluorescence assay by gas expansion (FAGE) [Hard et al., 1984] . The instrument operates at reduced pressures, typically 4-10 hPa, by drawing air from below the aircraft through a small orifice into a low-pressure detection chamber. The air passes through the 1.57 mm oririce and undergoes a supersonic expansion followed by rapid development of a laminar flow profile inside a heated inlet tube (approximately 50 cm in length) which leads to two de- Currently, we estimate the absolute accuracy of the ATHOS HOx measurements to be no worse than +40%. This value is an upper limit to the combination of all of the measurement uncertainties that go into the instrumental calibration. Such an error would appear in the data as a more or less uniform bias from the models. A systematic bias, however, is not apparent in the data set. The precision, on the other hand, is well defined by the Poisson statistics of photon counting and as such depends on the integration time of the measurement and the shot noise that determines the background signal. The standard deviations of the 1 min data reported for SONEX were usually below 0.015 parts per trillion by volume (pptv) for OH and less than 0.03 pptv for HO2. The magnitude of these l o values are too small to influence the HOx comparisons of the forthcoming analysis. The total HO• mixing ratios are typically between 1 and greater than 2 orders of magnitude larger than the 1 o precision. 
HO2 + NO2 <--3 HNO4.
Thermal dissociation of peroxynitric acid (the reverse of reaction (5)) is included as a t-IOx production term in the P,,t of equation ( 
HO2 + HO2 •> H202 + 02.
These self-reactions furnish the main losses of HOx in clean,
low NO• environments but become less important as NO• increases due to the acceleration of reactions (2) through (5).
Because more than 85% of the observed HO2:OH ratios were greater than 10, the calculation makes the assumption that all of the HOx is HO2. The predicted HO2:OH ratio, R.ox, is based primarily on the concentrations of CO, NO, and 03: [ 1996] for further details of the diel steady-state model.
To ensure that the HO• deviations were not simply attributable to the DSS estimation of longer-lived, yet measured molecular species, a similar analysis was run for another Harvard model product of 3-5 min data in which the diel steady-state values of OH and HO2 were fully constrained by the observations of HNO3, peroxyacetylnitrate (PAN), H202, and CH3OOH (when above their detection limits.) The average ratio of measured to calculated HO• in this smaller data set was 0.86, and the general trends with NOx presented here with the less constrained model did not change significantly. For this study we used the analysis with the former, less constrained DSS model because of the greater data abundance.
Results of Observation and Model
Comparison 3.1. General Agreement Table 1 presents a summary of the comparisons between the model predictions and the observations of HO2, OH, and the HO2:OH ratio for each flight in which concurrent data exist. The total body of 1 min data presented have been filtered to exclude periods when the solar zenith angle (SZA) was greater than 80 ø and when the DC-8 was thought to be sam- dTotal number of data points that comprise the averages.
pling inside clouds. The presence of cloud particles was determined by the measurement of significant particle concentrations with a mean diameter greater than 0.9 gm. This information was gleaned from the FSSP onboard the DC-8. In the absence of this particle size distribution data, the saturation ratios with respect to ice (S,) were calculated, and episodes of supersaturation were excluded. These two criteria were used to filter the data because we wanted to separate out the effects of longer-wavelength radiation [Wennberg et al., 1999] The ratio of HO2 to OH agrees more closely with the model predictions, and the agreement exhibits less variation from flight to flight. The fact that the ratio is well predicted attests to a good understanding of the processes that control the HO2 and OH equilibration (equation (8)). In the upper troposphere the partitioning of HOx is controlled primarily by the relative rates of the two reactions OH + CO + 02 --> HO2 + CO2,
HO2 + NO --> OH + NO2.
These reactions represent an exchange between OH and HO2 and, typically, occur on timescales of about 6 s in the UT over the North Atlantic. Near the tropopause and in the lowermost stratosphere, however, the rapid interchange becomes increasingly dominated by the reactions OH + 03 --) UO2 + 02,
HO2 + 03 --) OH + 202,
because 03 tends to be more abundant, while CO tends to be less abundant. These reactions interchange HO, on timescales of about 1 rain in the lowermost stratosphere. Regardless then of the exact composition and history of a given air parcel, the HO2:OH ratio should be determined quickly by these readily measured species: NO, CO, and O3. Moreover, the measurement of the ratio is not so prone to instrumental artifacts because systematic biases tend to cancel out, and the quantity is greatly independent of the absolute calibration of ATHOS. We estimate the uncertainty in the measurement of the HO2:OH ratio to be no more than 20%, particularly when extremely low OH levels (higher SZA) are excluded. Beyond filtering the data for daytime conditions, observations of the ratio were not included in the comparisons if the OH concentration dropped below approximately one-half its 1 c5 value.
Dependence of HOx Deviation on NOx
For the present purposes we define the HOx deviation as the ratio of the observed HOx to the model-predicted HOx. Figure 1 ......................................   . '; ........................................... 
Evidence From SUCCESS
There is evidence of just this sort of NOx dependence in another airborne data set of ours. Figure 2 The main difference between the two episodes seems to be that the period of the largest deviations coincides with the largest predicted HO, sinks involving nitric and peroxynitric acids (reactions (2)-(5)), rather than reaction (6). It is important to examine other data sets in which HO, and NO, are measured simultaneously to explore the possibility that this phenomenon is atmospheric rather than instrumental.
Evidence From the Lower Stratosphere
In considering the extent to which the NO, effect could be applicable, it is important to determine whether measurements display this tendency in a variety of environments. If the apparent NOx influence were, for example, the result of some unknown, unmeasured HO, source that happened to be spatially correlated with NO,, then it might exhibit variability depending on the particular source of NOx and its residence time in the atmosphere. In the SONEX data set then it is possible to establish the existence of the NOx dependence in the lower stratosphere, away from the complicating influence of other species such as water, aerosol surfaces, and hypothetical HOx precursors which would most probably come from surface emissions. Figure 3 shows a compilation of the SONEX measurements as, again, the ratio of observed HOx to that predicted by  the DSS model, made in air of elevated potential vorticity  (PV). The data are from intervals from three separate flights  (i.e., October 15, 20, and 29, 1997) in which the potential vorticity was measured to be greater than 8.8 PV units. The potential vorticity reported is a scaled Ertel's PV, a scalar quantity derived from the projection of the absolute vorticity of the air onto the potential temperature gradient. In terms of standard meteorological units, one PV unit is equivalent to l x10 '5 K s -• mbar -•. PV is a dynamically conserved quantity that possesses a strong gradient at the tropopause and as such is frequently used as a tracer for air of stratospheric origin. Typically, values of this scaled quantity greater than 3-5 are considered to be indicative of stratospheric air in midlatitude regions. In this analysis we use PV values much larger than that (>8.8) to examine a subset of the data from the most unambiguously stratospheric flight legs of the mission. Figure 3 clearly illustrates a similar correspondence in the HOx deviation ratios with NO• as is apparent in the entire data set. The linear relationship exhibited in each of the three sets of data are remarkably similar, and the slope appears to be about twice as strong as the average slope for the entire data set (60% per 100 pptv NO• as opposed to 28%.) The average water mixing ratio and surface area concentration for these combined intervals are 43 ppmv and 11 gm2/cm •, respectively. These data thus represent a strong example of the supposititious NOx effect at work in the atmosphere in the absence of available heterogeneous chemical pathways and hypothetical surface precursors.
Evidence from other experiments with different instrumentation compared with different steady-state models would lend considerable support to the validity of these observatitms. A preliminary search through the POLARIS ER-2 data yielded a small data set of only eight 3 min points in which all necessary measurements and model results were publicly available and where the O3 levels were sufficiently "tropospheric" in magnitude (<300 ppbv). In this small sample, however, the HOx deviation ratio grows from about 0.85 at 70 pptv NO to 1.8 at over 200 pptv. We encourage further investigation of these and other apropos data sets. Figure 4 is striking, and it appears that the expounded NOx relationship is independent of the origin of the nitrogen oxides. The absolute HO2 levels are typically between 0.5 and 1.0 pptv during these periods of elevated NOx. Such concentrations are some 10-15 times greater than the 1 min 1(5 precision of the HO2 measurement and therefore are not considered to be near the instrumental limit of detection.
Evidence in Differing Types of NOx
Possible Causes of the Discrepancy
Instrumental Concerns
An obvious candidate for the explanation of the NO• influence is that of a measurement artifact. A plausible mechanism for biasing the HO• measurements is the existence of an interfering species in the atmosphere that might somehow give rise to OH and HO2 when inside the instrument. However, it is important to note that the very good agreement among the measured and modeled HO2:OH ratio implies that to within experimental uncertainty, such an interference would need to produce both HO2 and OH signals and would need to do so in proportional amounts consistent with their expected ratio defined by equation (8). Because the residence time inside the instrument, approximately 45 ms, is much shorter than the equilibration timescale of the HO2:OH system (=6 s) and the fact that the reduced internal pressure slows bimolecular reaction rates by at least 2000 times, the relaxation of any internally created HO• to the expected HO2:OH ratio is not likely. This fact notwithstanding the most plausible interference is that from thermal dissociation of peroxynitric acid, or PNA (HO2NO2). PNA is a thermally labile peroxyacid formed in the atmosphere by the combination of HO2 and NO2. tory have indicated that the upper limit to such an effect is extremely small, less than 0.1 pptv HO2. A signal artifact of this nature would become most obvious at low HO2 levels; and because HO2 and NO are negatively correlated due to their rapid reaction (10), an instrumental offset would appear as model underpredictions at high NO. A counterexample of this proposed bias presents itself in the data from the flight of October 13, 1997. During this flight over the continental United States, convected HOx precursors were abundant enough to allow for the coexistence of higher NOx along with greater levels of HO2. Figure 5 is a scatterplot of the observed versus the modeled HO2 concentrations partitioned into two groups: one where the air contained high levels of NO (> 100 pptv) and the other where less than 100 pptv NO was present. All of the points that lie on the side of the one-to-one line indicating model underprediction are in the high NO category, and this distinction holds over a range of HO2 concentrations from 2 to 7.5 pptv. Any hypothetical HO2 offset would be far less noticeable at these large concentrations, and yet the underprediction by the model persists. This relationship indicates that higher observation deviations at greater NOx levels are not merely the influence of an instrumental offset.
Missing or Misunderstood Chemistry
The other principal candidates that could explain the NOx dependence of the HOx deviations are actual chemical features of the atmosphere that are either completely neglected in the models or are incorrectly parameterized. Most likely, these could take the form of missing HO• source terms that are somehow correlated with NO• concentrations, or alternately could be explained by some sort of biased overestimation of HO• sink terms. If for example, despite the analysis presented in section 3.5, the deviation was a result of only aircraft-generated NOx, then the answer could lie in an unaccounted combustion source of HOx that may be bound up in a slowly released compound (e.g., HNO3 or HO2NO2). If such a hypothetical species were not measured during SONEX, then their additional HOx source contributions would be undetected by the models. On the other hand, the two principal loss routes of HOx at high NOx (over a couple hundred pptv) involve NO2 and HO2NO2 through equations (2) and (5). As pointed out earlier, these two species were not measured during the campaign and therefore their estimated HO• loss rates rely on steady-state calculations that prescribe their abundances. HO• in the upper troposphere is an extremely buffered chemical system [Wennberg et al., 1998 ]. The losses of OH and HO2 tend to be predominantly quadratic in nature; that is, they depend on the square of HO• concentrations, especially at the low NOx levels typical of background conditions in the upper troposphere. The oxidation of methane and other hydrocarbons by the hydroxyl radical, OH + CH4 + NO + 02 -• ---> HO2 + CH20 + H20, is part of the HO• exchange cycling and it usually yields more than one molecule of HO2 by its production of formaldehyde; thus, once photochemically generated in the atmosphere HOx begets more HOx in the presence of hydrocarbons and a little NO•. Such autocatalytic amplification coupled with quadratic loss rates lead to a system whose equilibrium concentrations are tightly constrained; consequently, HOx levels in the atmosphere can remain relatively constant while other species vary drastically. Because of the high degree of buffering, explanations of our measured HO• discrepancy in terms of incorrect kinetics data require drastic changes to laboratory reaction rates.
Peroxynitric acid is a reasonable suspect because its concentrations were not confirmed by measurements and its equilibrium constant has a large uncertainty at the low tem- 
Concluding Summary
Taken as a whole the measurements of HOx in the upper troposphere made during SONEX compare fairly well with the expectations of photostationary state models. However, most flights seem to have consistent biases which need to be investigated further to determine what is interfering with or otherwise lacking in the measurements or what is missing from the models. The observations seem to persistently overshoot the model predictions in conditions of high NO. This relationship was also borne out of the SUCCESS data set, and it may prove instructive to research other cases of such a dependence in other data from different instrumentation and different models. If the observed NO• dependence is a true atmospheric phenomenon, then ozone production rates in the upper troposphere and lower stratosphere may be considerably higher than currently predicted. In this case, increased NO• emissions to that part of the atmosphere, where the O3 lifetime is long and its longwave radiative forcing is strongest, could have a profound and unanticipated impact on the global environment.
